INTRODUCTION
============

Motile cilia and flagella are found on diverse eukaryotic cell types, ranging from unicellular protists to human epithelial cells. Defects in cilia and flagella have been linked to a number of human diseases, called ciliopathies ([@B1]; [@B16]). The core structure of these motile organelles is the highly conserved axoneme ([Figure 1](#F1){ref-type="fig"}), which has a nine-plus-two arrangement of nine doublet microtubules (DMTs) surrounding a central apparatus (CA) with two singlet microtubules (MTs; [Figure 1D](#F1){ref-type="fig"}). Each DMT is built of multiple copies of a 96-nm-long axonemal unit that repeats along the doublet length ([Figure 1, A and C](#F1){ref-type="fig"}). Attached to the DMTs are two rows of dynein motors---the inner and outer arms (IAs and OAs; [Figure 1, A and B](#F1){ref-type="fig"})---as well as radial spokes (RSs), which connect the DMTs to the CA ([Figure 1, A--C](#F1){ref-type="fig"}; e.g., [@B52]), and the nexin--dynein regulatory complex (N-DRC), which connects neighboring DMTs ([@B23]).

![Ultrastructure of the *Chlamydomonas* axoneme. (A, B) Isosurface renderings show the 3D structure of the 96-nm-long, axonemal repeat unit after subtomogram averaging in a longitudinal (A) and a cross-sectional (B) view observed from the proximal end. Key axonemal structures are colored, including the N-DRC, RS1 and RS2, as well as the recently described radial spoke 3 stand-in RS3S ([@B2]), and the inner and outer dynein arms (IA, OA). The IAs are labeled 1--6, including the doublet-specific *IAX* ([@B40]), and the protofilaments of the A- and B-tubules (A~t~, B~t~) are numbered according to [@B34] in B. The color coding is preserved in all subsequent figures. (C, D) A 20-nm-thick longitudinal (C) and a 50-nm-thick cross-sectional slice (D) through a cryo--electron tomogram show different views of an intact *Chlamydomonas* axoneme. Red boxes highlight one 96-nm repeat unit of one of the nine doublet microtubules (DMT) that surround the central apparatus (CA). Scale bar for C and D, 50 nm.](3143fig1){#F1}

Ciliary and flagellar motility is driven by the dynein motors, which generate sliding movement between adjacent DMTs ([@B55]; [@B59]; [@B3]). To produce the high beat frequencies and complex waveforms characteristic of beating cilia and flagella requires precise coordination of dynein-driven MT sliding ([@B56]). Substantial data indicate that the I1 dynein complex, the N-DRC, RSs, and the CA provide regulatory cues essential for coordinating dynein activity and MT sliding between subsets of DMTs (reviewed in [@B52]; [@B58]).

In addition to the basic switching mechanisms that produce simple oscillatory bends, ciliary and flagellar motility is regulated by changes in intracellular calcium concentration. This regulation may include changes in beat frequency, waveform, or the direction of bend ([@B39]; [@B5]; [@B4]; [@B60]; [@B28]). Among the 400+ polypeptides that comprise the axonemal proteome, several calcium-binding proteins, including calmodulin (CaM), have been discovered ([@B46]). We and others have shown that CaM plays an important role in motility and is associated with several axonemal structures, including the RSs and the CA ([@B17]; [@B64]; [@B25]; [@B24]; [@B45]; [@B66]; [@B57]; [@B61]; [@B15]; [@B11], [@B12]). However, the mechanism by which CaM modulates microtubule sliding to regulate motility is largely unknown.

Defining this mechanism will require identifying axonemal CaM-interacting proteins, as well as determining their precise location in the axoneme. Using the single-celled green algae *Chlamydomonas reinhardtii* as a model organism, we have made significant progress toward achieving this goal ([@B61]; [@B15]; [@B12], [@B13]; [@B18]). Using antibodies generated against CaM and an immunoprecipitation approach, we identified a CaM- and spoke-associated complex (CSC) comprised of three polypeptides (CaM-IP2, CaM-IP3, and CaM-IP4; [@B15]). One polypeptide, CaM-IP2, interacts directly with CaM, as well as with the RS protein RSP3. A mutation in the gene encoding RSP3 results in a failure to assemble the RS pair in the *Chlamydomonas* mutant *pf14* ([@B35]; [@B51]; [@B10], [@B9]). Therefore, on the basis of the interaction of CaM-IP2 with RSP3, we suspected that the CSC is localized to the base of the RS.

Whereas *Chlamydomonas* flagella have two full-length RSs per 96-nm axonemal repeat---the proximal RS1 and the more distal RS2---the cilia and flagella of many other organisms, such as the protist *Tetrahymena*, sea urchins, and mammals, have an additional spoke---RS3---distal to RS2 ([@B8]; [@B44]; [@B50]; [@B19]; [@B42], [@B43]; [@B33]). Recent studies of *Chlamydomonas* flagella using cryo--electron tomography (cryo-ET) revealed the presence of a complex, named radial spoke 3 stand-in (RS3S; [@B2]), that is shorter than RS1 and RS2 but attaches to the same location where RS3 would be found in an organism with triplet RSs ([@B43]; [@B7]; [@B2]). In fact, two recent structural studies compared the *Chlamydomonas* RS3S with RS3 in *Tetrahymena* cilia ([@B48]) and sea urchin sperm flagella ([@B33]) and demonstrated that RS3S is the conserved base of RS3.

To further explore the functional significance of the CSC association with the spokes, we recently reduced expression of either of two CSC components in *Chlamydomonas* flagella using an artificial microRNA (amiRNA) technique; our functional analyses of these mutants demonstrated that the CSC plays a role in regulating dynein-driven microtubule sliding and control of wild-type (WT) flagellar beating ([@B14]). Surprisingly, we also observed that axonemes isolated from these amiRNA strains had many axonemal repeats in which one spoke was lacking. Using cryo-ET, we determined the missing spoke to always be RS2. On the basis of these analyses, we hypothesized that the CSC must be associated with RS2 but not with RS1. Our results also implied that the RSs are not homogenous in composition as previously believed. This hypothesis is now supported by structural data that demonstrate that RS1 and RS2 exhibit some structural differences at their base where the spoke attaches to the DMT in *Chlamydomonas* as well as in other species ([@B48]; [@B2]; [@B33]).

What these initial studies could not provide is a precise localization for the CSC, including the relationship between the CSC and the unique structures associated with the base of the spokes, RS2 in particular. Cryo-ET combined with subtomogram averaging of many axonemal repeats has been a powerful approach for visualizing axonemal structures with 3- to 4-nm resolution ([@B43], [@B41]; [@B6], [@B7]; [@B23]; [@B48], [@B49]; [@B2]; [@B33]). However, the structural heterogeneity exhibited by the CSC amiRNA mutants made averaging of axonemal repeats particularly challenging ([@B14]).

In this study we improved the subtomographic averages considerably by first classifying the axonemal repeats into homogeneous subsets. This process allowed us to provide a complete three-dimensional (3D) structural characterization of CSC amiRNA mutants and the first structure-based localization model of the CSC. Our results show that the CSC is localized not only to the base of RS2, but also to RS3S, and links to the N-DRC, suggesting that the CSC provides a structural connection between the two RS structures and the N-DRC. We also report that, in fact, two of the three CSC subunits correspond to RSP18 and RSP19. These results provide additional evidence for biochemical and structural heterogeneity among all RSs and suggest that particular spokes may play unique roles in regulating dynein-driven microtubule sliding and thus flagellar motility. In addition, our findings raise important questions about the role of the CSC in motility, as well as in assembly and targeting of the RSs to the DMTs.

RESULTS
=======

CaM-IP2 and CaM-IP3 correspond to RSP18 and RSP19, respectively
---------------------------------------------------------------

The CSC is a complex of three polypeptides associated with CaM ([@B15]). We tentatively named the CSC components CaM-IP2, CaM-IP3, and CaM-IP4 based on their ability to coimmunoprecipitate with antibodies generated against CaM, as well as against antibodies generated against CaM-IP2 ([@B15]). We also demonstrated that CaM-IP2 interacts directly with CaM and RSP3, and when the complex is extracted from WT axonemes it cosediments at 20S with the RSs ([@B15]). Because the CSC assembles onto the axoneme of the spokeless mutant *pf14*, we assumed that the complex did not correspond to any of the 23 polypeptides previously identified as spoke components ([@B50], [@B51]; [@B26]; [@B67]; [@B68]). However, additional biochemical analyses now provide strong evidence that CaM-IP2 and CaM-IP3 are in fact RSP18 and RSP19, respectively.

RSP1--17 were initially identified as spoke proteins based on their absence from two-dimensional (2D) gels of *pf14* axonemes compared with WT ([@B50], [@B51]; [@B26]). RSP18--23 were identified as spoke proteins using biochemical methods to extract and isolate RSs by sucrose density gradient centrifugation ([@B66], [@B67]; [@B68]). The extracted spokes sediment at 20S; all 23 RSPs are missing from the 20S fraction of axonemal extracts obtained from the spokeless mutant *pf14* ([@B66]).

As we previously showed, CaM-IP2 antibodies immunoprecipitate the CSC and associated spokes from WT axonemal KI extracts ([@B15]). If we now directly compare these CaM-IP2 immunoprecipitates to the 20S fraction of WT axonemes containing nearly purified RSs (and associated CSC), we detect no differences in the polypeptide composition of these two samples ([Figure 2A](#F2){ref-type="fig"}; note that to resolve the CSC and RSPs of the same molecular weight, 7% acrylamide gels were used for SDS--PAGE, showing only polypeptides with molecular weights \>50 kDa). Of note, CaM-IP2 and CaM-IP3 have the same apparent molecular weight as the polypeptides previously identified as RSP18 and RSP19, respectively. The apparent molecular weights of RSP18 and RSP19 were reported to be 210 and 140 kDa, respectively ([@B67]). These are the same apparent molecular weights of CaM-IP2 and CaM-IP3 as judged by SDS--PAGE ([Figure 2A](#F2){ref-type="fig"}; [@B15]; [@B14]). In addition, the predicted isoelectric points of CaM-IP2 and CaM-IP3 as determined by their amino acid sequences are 4.7 and 4.8, respectively ([@B15]), which are similar to the reported isoelectric points of RSP18 and RSP19, 5.4 and 5.5, respectively ([@B67]).

![CSC components most likely correspond to RSP18 and RSP19. (A) Silver-stained gels comparing anti-CaM-IP2 immunoprecipitates with the 20S sucrose gradient fraction prepared from axonemal extracts isolated from WT cells. The polypeptide profile (as judged by the number of polypeptides and molecular weight) of precipitates using anti--CaM-IP2 antibodies appears identical to that of the 20S fraction from sucrose gradients using axonemal extracts from WT cells. The CSC components and RSPs are labeled. Two proteins labeled as RSP18 and RSP19 are the same molecular weight as CSC components CaM-IP2 and CaM-IP3, respectively. (B) Western blots of 20S and 11S fractions from sucrose gradients prepared using axonemal extracts isolated from WT, 6E6, and *pf14* cells. The CSC is missing in the 20S sucrose gradient fraction of *pf14* axonemal extracts yet is present in the 11S fraction. Anti--CaM-IP2 and -IP3 antibodies are used as probes to identify fractions containing the CSC. RSP1, RSP3, and RSP11 are used as probes to identify the RS head (RSP1) and stalk (RSP3 and RSP11). RSP3 is posttranslationally modified in 6E6 and as a consequence migrates more rapidly in SDS--PAGE.](3143fig2){#F2}

Analysis of sucrose gradient fractions from mutant and WT axonemes provides further support for our conclusion that CaM-IP2 and -IP3 are RSP18 and RSP19, respectively. RSP18--23 were identified as RSPs because they were missing from the 20S fraction of axonemal extracts isolated from *pf14* axonemes. Therefore we compared the fractions isolated from WT axonemal extracts with those isolated from 6E6 (amiRNA mutant knockdown of CaM-IP3, missing both CaM-IP2 and -IP3) and *pf14* axonemes. As expected, we found that in extracts obtained from 6E6 the spokes but not the CSC still sediment at 20S, whereas both the spokes and CSC are absent from the 20S fraction isolated from *pf14* axonemes ([@B66]; [@B15]). However, the CSC is not missing from *pf14* axonemes; instead, in the absence of the spokes the CSC sediments at 11S. Our Western blots of the sucrose gradient fractions clearly show that the two bands of CaM-IP2 and -IP3 shift from the 20S fraction in WT to the 11S fraction in *pf14* extracts ([Figure 2B](#F2){ref-type="fig"}), suggesting that CaM-IP2 and -IP3 (RSP18 and RSP19) belong to a spoke-associated complex but are not part of those radial spoke structures that are missing in *pf14* mutant axonemes.

Cryo-ET combined with subtomogram averaging reveals structural defects and heterogeneity in axonemal repeats of CSC amiRNA mutants
----------------------------------------------------------------------------------------------------------------------------------

We used cryo-ET and subtomogram averaging to compare the axonemal 3D structure of a pseudo wild-type (pWT) strain (see [Table 1](#T1){ref-type="table"} for the strains used in this study) and the spokeless mutant *pf14* to the three CSC amiRNA mutants 4A2, 4D6 (both CaM-IP2 knockdowns), and 6E6 (CaM-IP3 knockdown). Previous studies established that pWT, a rescue of the N-DRC--defective *pf2* mutant ([@B54]), is phenotypically, biochemically, and structurally undistinguishable from WT ([@B54]; [@B23], [@B22]; [@B41]; [@B2]). Previous structural studies included detailed comparisons of major axonemal complexes between WT and pWT, such as the DMTs ([@B41]), the N-DRC ([@B23]), the I1 inner dynein complex ([@B22]), and the RSs ([@B2]), and no differences were observed. However, greater details are visible in the averaged axonemal repeat of pWT due to its slightly better resolution of 3.2--3.6 nm ([@B23]; [@B41]; [@B2]).

###### 

Strains used in this study.

  Name        Strain                               Swim speed         Reference     Number of tomograms   Averaged repeats
  ----------- ------------------------------------ ------------------ ------------- --------------------- ------------------
  WT          A54-e18 (*nit1-1, ac17, sr1*, mt+)   Normal             Lefebvre^a^   ---                   ---
  pWT         pf2-4::PF2-GFP                       Normal             Bower^b^      5                     720
  4A2         CaM-IP2 amiRNA                       Slightly reduced   [@B14])       3                     500
  4D6         CaM-IP2 amiRNA                       Severely reduced   [@B14])       5                     800
  6E6         CaM-IP3 amiRNA                       Slightly reduced   [@B14])       4                     600
  *pf14*      CC-1032 mt+                          Paralyzed          [@B51])       4                     636
  *pf28*      CC-1877 mt--                         One-half of WT     [@B37])       ---                   ---
  6E6*pf28*                                        Severely reduced   This study    ---                   ---

^a^From Paul A. Lefebvre\'s laboratory at the University of Minnesota.

^b^From Raqual Bower and Mary E. Porter at the University of Minnesota. This pseudo wild-type strain (pWT) is a mutant rescue that is biochemically, structurally, and phenotypically indistinguishable from WT ([@B54]; [@B23]; [@B41]; [@B2]). It was generated by transforming the N-DRC mutant *pf2* with a green fluorescent protein--tagged *PF2* gene from WT ([@B54]).

Three to five cryotomograms were reconstructed for each CSC amiRNA strain, the pWT, and the *pf14* mutant. In contrast to conventional electron microscopy (EM), cryo-ET allows the visualization of lifelike preserved axonemes with molecular resolution. In addition, cryo-ET also provides 3D data, which allows the unambiguous determination of spatial relationships, such as the proximal and distal ends of the tomogram, which is important, for example, for the distinction between RS1 and RS2. Raw cryotomograms of pWT show the characteristic and highly regular spacing of RS1 and RS2 repeating every 96 nm ([Figure 3A](#F3){ref-type="fig"}; [@B14]). We previously reported that cryotomograms of all three CSC amiRNA mutants have many axonemal repeats that lack RS2 and occasionally show additional RSs positioned at irregular and variable intervals, whereas no defects of RS1 were found ([Figure 3, E, I, and M](#F3){ref-type="fig"}; [@B14]). For comparison, neither RS1 nor RS2 is visible in cryotomograms of the *pf14* mutant ([Figure 3Q](#F3){ref-type="fig"}).

![Cryotomograms and subtomogram averages show RS defects in the axonemes of CSC amiRNA mutants. (A--R) Longitudinal slices through tomographic reconstructions of intact axonemes (A, E, I, M, Q) and averaged axonemal repeat units (B--D, F--H, J--L, N--P, R) compare the presence and absence of RSs in pWT (A--D), the two CaM-IP2--knockdown mutants 4A2 (E--H) and 4D6 (I--L), the CaM-IP3--knockdown mutant 6E6 (M--P), and the spokeless mutant *pf14* (Q, R). The 3D nature of tomographic data allows us to easily determine the proximal (prox) and distal (dist) ends of the axoneme and thus to unambiguously identify RS1 (blue lines) and RS2 (yellow lines). Both spokes display a characteristic and highly regular spacing in pWT (A) and are completely absent in *pf14* (Q). All three CSC amiRNA mutants have a regular arrangement of RS1 (blue line) but show many repeats with missing RS2 (orange dots) and occasionally additional, irregularly spaced spokes (green lines). Subtomogram averages of all axonemal repeats show highly similar electron densities for RS1 and RS2 in pWT (B), whereas in all three CSC amiRNA mutants the densities of RS2 are reduced compared with RS1 (F, J, N). Similarly, RS3S is present in pWT (B, magenta arrowhead), but is either reduced in 4A2 and 4D6 (F, J, empty arrowheads) or completely missing in 6E6 (N, open dots). This is in contrast to *pf14* averages, in which RS3S is present at WT level (R, magenta arrowhead). A principal component analysis of the RS2 density in the three CSC amiRNA mutants results in two distinct class averages for each strain: in class 1 RS2 is present at a density similar to RS1 (G, K, O), whereas in class 2 RS2 is completely missing (H, L, P). Note that defects in RS2 and RS3S seem to be correlated, that is, in class 1 of the CaM-IP2 mutants, in which RS2 is present, RS3S is only slightly reduced (G, K), whereas in class 2, in which RS2 is missing, RS3S is greatly reduced (H, L). The same classification approach applied to the pWT control does not show significant differences between class averages (C, D). Scale bars, 200 nm (Q, valid also for A, E, I, M) and 20 nm (R, valid also for B--D, F--H, J--L, and N--P).](3143fig3){#F3}

Due to the radiation sensitivity of ice-embedded biological specimens and the required low-dose imaging, cryotomograms have an intrinsically low signal-to-noise ratio, which limits the resolution and observable details. Subtomogram averaging of structurally identical copies is a powerful technique because it increases the signal-to-noise ratio and thus ultimately the resolution of the cryotomographic data, allowing the visualization of unprecedented details ([@B43]). Therefore in the present study we used subtomogram averaging of 500--800 axonemal repeats of each strain to increase their resolution and visible detail.

Subtomogram averaging of all axonemal repeat units of the three CSC and the *pf14* mutants reveals many structural differences, most of which could not be detected in the raw cryotomograms. However, the defect that was clearly visible in the raw tomograms, that is, missing RS2 in many axonemal repeats ([Figure 3, E, I, and M](#F3){ref-type="fig"}; [@B14]), is less obvious in the averages of all axonemal repeats ([Figure 3, F, J, and N](#F3){ref-type="fig"}). The axonemal repeats of CSC knockdowns show heterogeneity, in that only 30--60% of them lack RS2 (Supplemental Table S1; [@B14]). Therefore the combination of repeats with and without RS2 results in axonemal averages with only reduced electron density of RS2 in comparison to RS1. Questions about precisely which parts of the RS2 structure are missing and with what penetrance remain unanswered by the averages of all axonemal repeats. Despite the limitations posed by structural heterogeneity, the subtomogram averages revealed previously undetected defects in four other axonemal complexes of all CSC mutants in addition to the RS2 defects: RS3S, IAs, N-DRC, and the B-tubule (see subsequent discussion and summary in [Table 2](#T2){ref-type="table"}).

###### 

Summary of observed structural defects.

                                                  Knockdown/strain                        
  ----------------------------------------------- ------------------ ------ ------ ------ ------
  RS1                                             \+                 \+     \+     \+     --
  RS2                                             \+                 +/--   +/--   +/--   --
  RS2 back prong knob                             \+                 +/--   +/--   --     --/?
  Additional/irregular spokes                     --                 \+     \+     \+     --
  RS3S                                            \+                 +/--   +/--   --     \+
  IA4                                             \+                 +/--   +/--   +/--   \+
  N-DRC fork                                      \+                 +/--   +/--   +/--   \+
  N-DRC-RS2 connection                            \+                 --     --     --     --/?
  MT hole                                         \+                 --     --     --     \+
  Secondary effects unrelated to CSC defects^c^                                           
  N-DRC                                           \+                 \+     --     \+     \+
  Digitus                                         \+                 --     \+     \+     \+

+, structure present; +/--, structure reduced---present in some repeats and missing in others; --, structure missing; ?, unclear.

^a^Knockdown of CaM-IP2 results in a small decrease in CaM-IP3 abundance.

^b^Knockdown of CaM-IP3 also completely depletes CaM-IP2 from the axonemes.

^c^Most likely caused by random insertion of the amiRNA plasmid into the genome.

Defects in RS3S assembly
------------------------

The recently described homologue of the third RS, RS3S ([@B48]; [@B2]; [@B33]), is much shorter than a regular RS and is hardly detectable in noisy raw tomograms, but it is clearly visible in subtomogram averages ([Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Corroborating recent results from [@B48], we found that RS3S is present not only in axonemes of pWT ([Figures 3B](#F3){ref-type="fig"} and [4B](#F4){ref-type="fig"}), but also in the "spokeless" *pf14* mutant ([Figures 3R](#F3){ref-type="fig"} and [4J](#F4){ref-type="fig"}) that was previously believed to be lacking all RS structures. In contrast, the subtomogram averages of CSC amiRNA mutants show various degrees of reduction in the RS3S structure; both CaM-IP2 knockdowns (4A2 and 4D6) show a decrease in the RS3S density, but in 4A2 ([Figures 3F](#F3){ref-type="fig"} and [4D](#F4){ref-type="fig"}) the reduction is more pronounced than in 4D6 ([Figures 3J](#F3){ref-type="fig"} and [4F](#F4){ref-type="fig"}). The CaM-IP3 knockdown 6E6, which lacks both CaM-IP2 and CaM-IP3, has the strongest structural defects and lacks the RS3S structure entirely ([Figures 3N](#F3){ref-type="fig"} and [4H](#F4){ref-type="fig"}).

![3D structure comparison of averaged axonemal repeats from pWT, CSC amiRNA, and spokeless mutants. (A--J) Isosurface renderings from pWT (A, B), the CaM-IP2--knockdown mutants 4A2 (C, D) and 4D6 (E, F), the CaM-IP3--knockdown strain 6E6 (G, H), and the spokeless mutant *pf14* (I, J) show the 3D structure of averaged axonemal repeats viewed from the front (A, C, E, G, I) and the bottom (B, D, F, H, J). In addition to the density reduction in RS2, several other defects are visible in all amiRNA mutants. Whereas in pWT and *pf14* the inner arm dynein 4 (*IA4*, rose arrowheads in A, I) connects to a part of the N-DRC named fork (green arrowheads in B, J), both structures are reduced or missing in all three CSC mutants (open rose and green arrowheads in C--H). In pWT, RS2 has a small connection to the N-DRC baseplate (yellow arrowhead in B; dashed frame shows close-up) in close proximity to a hole (red arrowhead) in the inner junction between the A- and B-tubules (A~t~, B~t~). Neither the hole nor the RS2-to--N-DRC connection is observed in any of the CSC mutants (open red and yellow arrowheads in D, F, H). Although the inner junction hole is clearly observed in *pf14*, the RS2-to--N-DRC connection is not clearly visible (J). Finally, RS3S is present in pWT and *pf14* (magenta arrowheads in B and J) but reduced in the CaM-IP2 strains 4A2 and 4D6 (open magenta arrowheads in D and F) and completely missing in the CaM-IP3 mutant 6E6 (open magenta circle in H).](3143fig4){#F4}

Inner dynein arm defects
------------------------

The dynein arm IA4 (dynein e) is greatly reduced in all CSC mutants, whereas in pWT and *pf14* all IAs are present (compare rose-colored arrowheads in [Figure 4, C, E, and G, to A and I](#F4){ref-type="fig"}). In all amiRNA mutants the IA2 and IA6 (dyneins a/d) densities also seem slightly reduced, but to a smaller degree than IA4 ([Figure 4](#F4){ref-type="fig"}). As previously reported, IAX (dynein b/g) is reduced in the subtomogram averages of all strains, including pWT, because it is the only IA that is present only on a subset of the nine DMTs ([@B7]; [@B40]).

As an additional approach to detect and characterize the loss of specific IA subforms in our CSC amiRNA mutants, we generated a double-mutant strain that virtually completely lacks the CSC (6E6) and fails to assemble the OAs (*pf28*). In this 6E6*pf28* double-mutant strain we extracted the IAs and fractioned the resulting axonemal extract using ion exchange chromatography based on the methods of [@B30]. The peak dynein fractions were analyzed by SDS--PAGE and subsequent densitometry. As shown in Supplemental Figure S2, fractions a, d, and e show a nearly 50% reduction compared with WT axonemes ([@B29]; [@B31]). These biochemical findings agree with our structural data, as the heavy-chain peak of dynein e corresponds to the IA4 structure, and dynein a/d to IA2/6 in the axonemal repeat (Supplemental Figure S2; [@B7]; [@B43]; [@B40]). However, the structural defects in IA2/6 are not as strong as might be expected from the peak fraction reduction of dynein a/d.

Defects in N-DRC components
---------------------------

A small part of the N-DRC in a region named the fork that is connected to the tail of IA4 ([@B23]) is also reduced in all CSC mutants (see empty green arrowheads in [Figure 4, D, F, and H](#F4){ref-type="fig"}) but is present in pWT and unchanged in *pf14* (see solid green arrowheads in [Figure 4, B and J](#F4){ref-type="fig"}). A second region of the N-DRC defective in the CSC mutants is the thin connection between the N-DRC baseplate and the base of RS2 ([@B2]; connection 8 in [@B23]). This connection is present only in pWT (solid yellow arrowhead in [Figure 4 B](#F4){ref-type="fig"}) and is completely missing in all three CSC amiRNA mutants and seems also greatly reduced in *pf14* (open yellow arrowheads in [Figure 4, D, F, H, and J](#F4){ref-type="fig"}).

B-tubule defects
----------------

In an earlier study, we found a small hole that penetrates the wall of the DMTs at the inner junction of the B-tubule to the A-tubule; this small hole in the B-tubule inner junction is located between the connection of the N-DRC to the B-tubule and the RS2 base ([@B23]; [@B41]). The only mutants reported to lack this DMT hole are *drc* mutants that lack the N-DRC baseplate domain, which in WT connects to the B-tubule ([@B23]; [@B41]). Here we show that this DMT hole is present in pWT and *pf14* (solid red arrowhead in [Figure 4, B and J](#F4){ref-type="fig"}) but is absent in all three CSC mutants, although the N-DRC baseplate is present in two of the three CSC mutants (open red arrowheads in [Figure 4, D, F, and H](#F4){ref-type="fig"}).

Additional defects unique to specific strains
---------------------------------------------

The structural defects described in the foregoing were present in all CSC knockdowns, although with various degrees of severity. In addition to these primary defects, we found in each CaM-IP2 knockdown strain one additional structural difference that was not observed in any of the other mutants. 4A2 is missing an uncharacterized density of unknown protein composition---here named digitus for its finger-like shape (Supplemental Figure S1C)---which is usually located between the OA and IA row distal to the N-DRC. 4D6 is lacking almost the entire N-DRC (Supplemental Figure S1D). The fact that these two defects are seen only in individual CSC mutant strains and do not occur consistently in both isolates of the same target gene knockdown indicates that these structural defects are likely caused by the random insertion of the amiRNA construct into the *Chlamydomonas* genome and that the defects are thus unrelated to reduced expression of the CSC (see also *Discussion*).

Structural classification shows differences in RS2 and RS3S between CaM-IP2 and CaM-IP3 knockdowns
--------------------------------------------------------------------------------------------------

The subtomogram averages of all axonemal repeats of the CSC mutants reveal important structural differences in comparison to the axonemes of pWT and the RS mutant *pf14*. However, all CSC amiRNA strains show structural heterogeneity; for example, RS2 is present in some axonemal repeats and missing in others, which is a well-known limitation of averaging techniques in general. The Boulder lab for 3D EM recently implemented a newly developed, improved classification method ([@B21]) in the subtomogram averaging software PEET (Particle Estimation for Electron Tomography; [@B43]). To our knowledge, we present the first application of this subtomogram classification method to cellular cryotomograms for detecting biologically meaningful differences.

Using an automated principal component analysis and clustering algorithm ([@B21]), the axonemal repeats from each CSC amiRNA mutant were assigned to one of two major classes for each CSC mutant: one class consists of repeats with RS2 and one with repeats that lack RS2 ([Figures 3--5](#F3 F4 F5){ref-type="fig"} and Supplemental Figure S3). This result is not surprising because the presence or absence of RS2 was also visually the most prominent structural difference in the cryotomograms. However, it confirms that this automated, unsupervised classification approach is capable of separating true structural differences in a missing-wedge-insensitive manner. Supplemental Table S1 summarizes the details of the classification, including how many repeats were present in each class average.

![Structural differences of RS2 between pWT, CSC amiRNA, and spokeless mutants. (A--R) Tomographic slices (A, B, E, F, I, J, M, N, Q) and isosurface renderings (C, D, G, H, K, L, O, P, R) show cross-sectional views from the proximal end of either two axonemal class averages for pWT control (A--D) and the three CSC amiRNA mutants 4A2 (E--H), 4D6 (I--L), and 6E6 (M--P) or of an average of all axonemal repeats from the spokeless mutant *pf14* (Q, R). The two class averages show clear differences in all three CSC mutant strains: RS2 is present in class 1 (E, G, I, K, M, O) but absent in class 2 (F, H, J, L, N, P). The same classification approach run as a control on pWT axonemes resulted in two similar classes without detectable RS defects (A--D). RS2 has two MT attachment sites: a front prong, to which dynein IA3 connects, and a back prong (yellow arrow). The back prong is present in pWT (A--D) and in class 1 of 4A2 and 4D6 (yellow arrows in E, G, I, K). In class 1 of 6E6 the back prong is still partially present, but a characteristic knob is reduced (open yellow arrows in M, O). The back prong is completely missing in class 2 of all CSC mutants (open yellow arrows in F, H, J, L, N, P). In contrast, the RS2 front prong and the attached IA3 are present in all strains, including the class 2 averages of all CSC mutants and the axonemal average of the spokeless mutant *pf14* (Q, R). However, the RS2 back prong is not clearly visible in the current average of *pf14*. Scale bar, 20 nm (Q, valid also for A, B, E, F, I, J, M, and N).](3143fig5){#F5}

Overall, the class averages of axonemal repeats with RS2 present (class 1) show highly similar 3D structures among all three CSC amiRNA strains. However, a small difference between the two CaM-IP2--knockdown mutants (4A2, 4D6) on one hand and the CaM-IP3 knockdown 6E6 on the other hand is noticeable: both CaM-IP2 knockdowns have a knob-shaped density attached to the back prong of the RS2 base that is similar in size to the pWT structure (compare [Figure 5, A and C, with E, G, I, and K](#F5){ref-type="fig"}). In contrast, this density is clearly reduced in the CaM-IP3 knockdown, 6E6 (compare [Figure 5, M and O, with A, C, E, G, I, and K](#F5){ref-type="fig"}). This result, together with the earlier-described finding that RS3S is reduced only in CaM-IP2 amiRNA strains but almost entirely missing in the CaM-IP3 amiRNA strain, suggests that the CaM-IP3 knockdown causes more severe structural defects. This result is also consistent with the previous observation that 6E6 is missing almost the entire CSC, whereas in the CaM-IP2 amiRNA strains only CaM-IP2 is greatly reduced and CaM-IP3 is still present ([@B14]).

For all three CSC amiRNA mutants the class averages of repeats lacking RS2 (class 2) show that almost the entire ∼3.4-MDa density of RS2---that is, spoke head, stem, and parts of the base---is missing ([Figures 3--5](#F3 F4 F5){ref-type="fig"} and Supplemental Figure S3). Only a small part of the RS2 base is still attached to the DMT ([Figures 3, H, L, and P](#F3){ref-type="fig"}, and [5, F, H, J, L, N, and P](#F5){ref-type="fig"}). In WT, RS2 has two attachment sites to the DMT, called the front and back prongs ([@B2]). IA3, which connects directly to the front prong of RS2 through its dynein tail ([@B2]), is present in all analyzed strains ([Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}), corroborating that parts of the RS2 base, including the front prong, assemble in the CSC and *pf14* mutants. This small remaining RS2 base part seems slightly larger in 4A2 compared with 4D6 and 6E6 (compare [Figures 3H](#F3){ref-type="fig"}, and [5, F and H](#F5){ref-type="fig"}, to [Figures 3, L and P](#F3){ref-type="fig"}, and [5, J, L, N, and P](#F5){ref-type="fig"}), and resembles the density present in *pf14* ([Figures 3R](#F3){ref-type="fig"}, [4J](#F4){ref-type="fig"}, and [5, Q and R](#F5){ref-type="fig"}; [@B48]).

One of the most interesting insights that the class averages provide is that the severity of defects in RS2 and RS3S seems to correlate in both CaM-IP2 knockdowns: the class 1 averages (RS2 present) of 4A2 and 4D6 both show only a small reduction in the RS3S structure when RS2 is present ([Figure 3, G and K](#F3){ref-type="fig"}, and Supplemental Figure S3, C and G). In contrast, the class 2 averages (RS2 absent) of both strains show a severe RS3S reduction when RS2 is missing ([Figure 3, H and L](#F3){ref-type="fig"}, and Supplemental Figure S3, D and H), suggesting that the assembly of RS2 and RS3S into the axoneme is not mutually independent, but the presence or absence of RS2 also influences the attachment of RS3S to the microtubule.

All other previously described structural defects, namely reductions in IA4 and the N-DRC fork, the missing RS2-to--N-DRC connection, and the absence of the DMT hole, were observed in both class averages of all three CSC amiRNA strains but often seem more pronounced in the class 2 averages that lack RS2 ([Figures 3--5](#F3 F4 F5){ref-type="fig"} and Supplemental Figure S3).

DISCUSSION
==========

Cryo-ET has provided us with unprecedented insights into the 3D structure of the CSC close to its native state without fixation or staining artifacts. Using a newly implemented unsupervised classification method, we overcame limitations of data heterogeneity that hindered our analysis in the past, allowing us to present the first defined 3D localization model of the CSC. The results provide not only new evidence for heterogeneity among the spokes, but also new insights into how RSs are assembled and attached to the DMT. In addition, our results raise the interesting possibility that each spoke makes a unique contribution to regulating microtubule sliding.

The CSC includes two RSPs
-------------------------

On the basis of the following four observations, CaM-IP2 and CaM-IP3 most likely correspond to RSP18 and RSP19, respectively ([Figure 2A](#F2){ref-type="fig"}). First, coimmunoprecipitates using the CaM-IP2 antibody, which include only the CSC and RS proteins, appear identical to the 20S fraction of WT KI axonemal extracts of nearly purified RSs. Second, CaM-IP2 and CaM-IP3 have the same apparent molecular weights and isoelectric points as RSP18 and RSP19, respectively. Third, in *pf14* extracts, the CSC is not present in the 20S fraction, which was used to identify spoke components ([@B66], [@B67]; [@B15]). Instead, the CSC sediments at 11S when RS1 and RS2 fail to assemble into the axoneme. Finally, all other identifiable RSPs are present in our strains lacking the CSC except the polypeptides of the same molecular weights as RSP18 and RSP19. The fact that RSP18 and RSP19 in 20S sucrose gradient fractions prepared from WT axonemes and resolved by 2D gels are lower in abundance than other known RSPs ([@B66], [@B67]) is also consistent with our finding that the CSC associates with only a subset of spokes (RS2 and RS3S, but not RS1).

The CSC was most likely not identified as a component of the spokes in earlier work by [@B26] and [@B50], [@B51]) because the CSC is present in *pf14* axonemes. Their designation of spoke proteins was based on comparison of 2D gels of whole axonemes isolated from WT and spokeless mutants. In contrast, in later studies additional RSPs were identified based on comparisons of only the 20S fraction of isolated spokes from WT and *pf14* axonemes ([@B66], [@B67]). However, we demonstrated that the CSC sediments at 11S when isolated from *pf14* axonemes ([@B15]).

The amino acid identities of RSP18 and RSP19 were not unambiguously determined in previous studies. Using mass spectrometry, [@B67] obtained only one peptide hit for RSP18, which has some similarity to an uncharacterized protein sequence predicted from the *Chlamydomonas* genome v2. However, this predicted protein sequence does not match the protein sequence we identified in our mass spectrometry analysis of CaM-IP2 (FAP91; [@B15]). For RSP19, mass spectrometry results from [@B67] showed six peptide hits that corresponded to tubulin. Given the apparent molecular weight of RSP19 of 140 kDa, the tubulin (∼50 kDa) associated with these samples most likely represents a contaminant. We suspect that the difficulty in obtaining reliable mass spectrometry data for RSP18 and RSP19 could be due to the fact that these spoke components are of lower abundance relative to other spoke proteins. Because antibodies were not generated against the protein spots identified as RSP18 and RSP19, we cannot directly test whether CaM-IP2 and CaM-IP3 are RSP18 and RSP19, respectively. However, our data provide compelling support for the hypothesis that CaM-IP2 and CaM-IP3 are RSP18 and RSP19, respectively. This finding raises the interesting possibility that some RSPs may form a unique adaptor for binding specific RSs to the axoneme.

CaM-IP4 does not correspond to any of the 23 polypeptides designated as RSPs. A protein of the same size as CaM-IP4 is present in both the 20S fraction and CaM-IP2 immunoprecipitates. Whether this protein corresponds to a particular spot on the 2D gels of [@B66] is not certain. However, one spot has a similar apparent molecular weight and isoelectric point. This protein is labeled as a proteolytic product of RSP2 in [Figure 2](#F2){ref-type="fig"} of [@B66]. Because CaM-IP4 is nonantigenic, we were unable to generate antibodies against this protein and therefore cannot directly test whether this spot is in fact CaM-IP4.

Knockdown of either CaM-IP2 or CaM-IP3 expression causes defects in the same axonemal structures
------------------------------------------------------------------------------------------------

All three CSC amiRNA mutants show similar structural defects (see summary in [Table 2](#T2){ref-type="table"}), but the extent of the defects differs between the CaM-IP2-- and CaM-IP3--knockdown strains. All mutants have many axonemal repeats that lack RS2 and RS3S. A few repeats also have an additional radial spoke located at an irregular position---that is, different from the regular location of RS1, RS2, or RS3S---that varies among repeats. The very low abundance and variable position of the additional spokes prevent further analysis by averaging, and it is unknown whether these spokes resemble RS1, RS2, a mix of both, or a different structure. Repeats missing RS2 seem to occur in clusters on the DMTs---that is, these defective repeats are not evenly distributed throughout the axoneme---but appear concentrated in groups along the DMT ([Figure 3, E, I, and M](#F3){ref-type="fig"}). The underlying mechanism of this clustering is unknown, but it does not seem to be doublet specific or to extend to adjacent DMTs. Of interest, no defects in RS1 were found, suggesting that RS1 and RS2 are anchored to the DMT by two independent mechanisms ([@B14]).

Previous results hinted at a relationship between the CSC and the N-DRC. In *drc* mutants *pf2* and *pf3*, anti-CaM antibodies fail to coprecipitate CSC components, yet CSC components are present in these mutants based on Western blots of isolated axonemes, as well as anti-CaM-IP2 coimmunoprecipitation. Evidently, in these *drc* mutants the association between CaM and the CSC is disrupted ([@B15]).

The data we report here provide further evidence suggesting a connection between the CSC and the N-DRC. Knockdowns of CaM-IP2 or CaM-IP3 both show reduced electron densities for a part of the N-DRC fork and IA4 (dynein e; [Figure 4, C--H](#F4){ref-type="fig"}). The affected region of the N-DRC fork is precisely at the position where the IA4 tail connects to the N-DRC ([@B23]). A defect in this N-DRC part would therefore weaken or completely disrupt the connection between IA4 and the N-DRC, causing destabilization and loss of IA4 in many axonemal repeats. This reduction of IA4 density in the axonemal averages agrees well with the observed reduction in the dynein e peak in the ion exchange chromatograph of 6E6*pf28* axonemes (Supplemental Figure S2). The ion exchange chromatogram also shows reductions in the dynein a and d isoforms (Supplemental Figure S2), known to form IA2 and IA6. Because there are no mutants available that specifically lack either IA2 or IA6, it is still ambiguous which of these dynein heavy chains corresponds to the IA2 and IA6 structures. Both densities---IA2 and IA6---show defects in our subtomographic averages ([Figure 4](#F4){ref-type="fig"}), but these defects are smaller than one would expect from the ion exchange chromatogram. This could be due to the mentioned ambiguity (which dyneins form the IA2 and IA6 structure), or alternatively it is possible that minor dynein species ([@B65]) occupy the position of IA2/IA6 in certain regions and/or in the absence of dynein a/d, so that the structural defect would appear less severe.

Two more findings suggest interactions between the CSC and the N-DRC. The connection of RS2 to the N-DRC ([@B23]) is missing in all three CSC amiRNA strains ([Figure 4, D, F, and H](#F4){ref-type="fig"}). In addition, a small DMT wall--penetrating hole is usually found in close proximity of this RS2-to--N-DRC connection ([Figure 4B](#F4){ref-type="fig"}) but is not observed in any of the CSC amiRNA strains ([Figure 4, D, F, and H](#F4){ref-type="fig"}). How and why this hole appears in the microtubule lattice is a complete mystery, but it was previously observed that those *drc* mutants that lack the N-DRC baseplate also do not form this hole in their B-tubule ([@B23]; [@B41]). In CSC mutants 4A2 and 6E6, however, the hole fails to form even though the N-DRC baseplate assembles. At our present resolution we do not detect any structural differences on the inside of the B-tubule surrounding the usual hole area in strains with or without the hole, but it is possible that the CSC and/or the N-DRC could contact structures inside the B-tubule through this hole, such as the MT inner proteins MIP3a and b ([@B41]).

All defects discussed so far appear to be similarly pronounced in CaM-IP2 and CaM-IP3 knockdowns. This is not the case for the RS3S structure. Both CaM-IP2 mutants 4A2 and 4D6 show a reduction in RS3S, but some RS3S clearly remains in their axonemes ([Figures 3, F--L](#F3){ref-type="fig"}, and [4, C--F](#F4){ref-type="fig"}). In the CaM-IP3--knockdown strain 6E6, however, RS3S is completely missing ([Figures 3, N--P](#F3){ref-type="fig"}, and [4, G and H](#F4){ref-type="fig"}). The same is true for a knob-shaped density at the back prong of RS2, which is missing in both class averages of 6E6 ([Figure 5, M--P](#F5){ref-type="fig"}) but is still present in the class 1 averages (with RS2) of both CaM-IP2 knockdowns ([Figure 5, E, G, I, and K](#F5){ref-type="fig"}). These observations are consistent with our previously published biochemical results that 6E6 is the strongest knockdown with the lowest levels of remaining CaM-IP2, CaM-IP3, and CaM-IP4 protein ([@B14]). Our structural results also suggest that the back prong of the RS2 base, the RS2-to--N-DRC connection, and RS3S are the most likely locations for CSC components.

Classification shows that the defects in RS2 and RS3S are correlated
--------------------------------------------------------------------

RS2 is present in approximately half of all axonemal repeats in 4A2, 4D6, and 6E6 (Supplemental Table S1). Using a classification method recently incorporated into the averaging software program PEET by [@B21], we separated heterogeneous axonemal repeats into more homogeneous classes, which was an important step for preserving biologically meaningful differences during the averaging process. Several details that are key for the interpretation of the CSC location are visible only in the class averages, such as the reduced RS2 back prong knob in class 1 of 6E6 or the correlation of defect severity between RS2 and RS3S in the CaM-IP2 mutants, that is, defects in RS3S are much stronger in averages of class 2 (without RS2) than of class 1 (with RS2). This correlation suggests that both structures, RS2 and RS3S, could be physically connected to each other, likely through the CSC.

The results obtained using the automated classification approach for the CaM-IP3 knockdown 6E6 were similar to that previously obtained by manually separating the axonemal repeats of 6E6 based on presence or absence of RS2 ([@B14]). However, the manual approach was extremely time-consuming, making it unfeasible for comparison of multiple strains. In addition, using the manual separation approach, we discarded about one-fourth of the repeats as ambiguous; it was prone to user bias and could be applied only to features clearly visible in the noisy cryotomograms.

As an additional control, we also applied the automated classification procedure to the axonemal repeats from the pWT strain, resulting in highly similar class averages that both had RS2 ([Figures 3, C and D](#F3){ref-type="fig"}, and [5, A--D](#F5){ref-type="fig"}).

Isolated structural defects found only in single strains are likely secondary defects caused by random amiRNA construct integration into axonemal genes
-------------------------------------------------------------------------------------------------------------------------------------------------------

4A2 and 4D6 are two independent knockdown strains of the same target, CaM-IP2. Although most of the observed structural defects were consistently detected in both CaM-IP2-- and the CaM-IP3--knockdown strains---for example, defects in RS2, RS3S, N-DRC, and IA4---we also identified two structural defects that appeared in only one mutant each. Compared to the pWT structure, 4A2 is missing the uncharacterized digitus density distal to the N-DRC, and 4D6 is missing almost the entire N-DRC (Supplemental Figure S1). It is unlikely that knocking down the same gene causes these striking differences between the two isolates. A more parsimonious explanation is that these defects are caused by random integration of the amiRNA construct into the *Chlamydomonas* genome ([@B38]; [@B69]; [@B12]) and thus that they are unrelated to the CSC. It is possible that our screen for transformants with motility defects increased the probability for identifying strains with additional defects in structures required for WT motility. We previously reported that strain 4D6 may have more than a single copy of the vector sequence integrated into the genome ([@B14]); however genetic analysis of this strain indicates that they are tightly linked, presumably integrated into the same location. Because the genes that correspond to these missing structures may be disrupted in these amiRNA strains, in future studies we will be able to use the integrated amiRNA construct to ultimately identify the genes responsible for these additional structural defects.

CSC localization model
----------------------

[Figure 6](#F6){ref-type="fig"} summarizes our findings and presents the first structure-based, 3D localization model of the CSC. On the basis of the results described in this study, we propose that components of the CSC are located at the back prong of RS2, the RS2-to--N-DRC connection, and RS3S. We also propose that the CSC interacts with the N-DRC baseplate and physically connects the base of RS2 and the base of RS3S. In all CSC amiRNA mutants we observed defects in the N-DRC, that is, reduction of the RS2-to--N-DRC connection, the N-DRC fork, and associated IA4, indicating that these two regions of the N-DRC might be interacting with the CSC. At the present resolution, we are not able to resolve the exact location where the CSC passes by or through the N-DRC baseplate. However, the connection is likely small, because a comparison of the *pf3* mutant that lacks the N-DRC baseplate but not the CSC with the 4D6 strain that lacks both did not identify detectable differences in the region of the N-DRC baseplate. Our localization model of CSC components differs from a previous hypothesis that placed the CSC at the front prong of RS2 ([@B48]). However, this proposed localization was based on results using biochemical approaches ([@B15]; [@B14]) and not on direct structural evidence provided by the analysis of CSC-knockdown mutants, making it speculative.

![CSC localization model. (A--D) Isosurface rendering representations of the 3D structure of the averaged axonemal repeat from *Chlamydomonas* pWT viewed from the front (A), the proximal cross-sectional side (B), the bottom (C), and the rear (D). The suggested location of the CSC is colored in red. Note that the RS3S label is shown in its magenta color as in the preceding figures. The CSC consists of two parts: the RS2 back prong with the RS2-to--N-DRC connection, and RS3S, a shorter homologue of the third RS at the same position where organisms with RS triplets would have a full-length third RS. On the basis of the biochemical data supporting that the CSC components form one complex and the structural observation that defects in RS2 and RS3S are highly correlated, we hypothesize that both parts---the RS2 base and RS3S---are connected (dashed red lines). However, the precise location of this connecting density could not be resolved.](3143fig6){#F6}

Although our structural analysis of the CSC mutants does not provide definitive sublocalization of individual CSC components, the observation that CaM-IP2 has been shown to directly interact with RSP3 could place CaM-IP2 at the RS2 back prong and/or the RS2-to--N-DRC connection. Similarly, since CaM-IP3 knockdown completely eradicates the assembly of RS3S, CaM-IP3 may be located at or near RS3S.

Recent comparisons of spoke structures between *Chlamydomonas* ([@B2]) and two species with RS triplets, *Tetrahymena* ([@B48]) and *Strongylocentrotus* (sea urchin; [@B33]), showed similar morphologies for RS2 and for the base of RS3/RS3S and described connections from the N-DRC to both RS2 and RS3/RS3S, suggesting that the CSC, including its interactions, could be conserved among species.

New views of the RSs
--------------------

Until only recently all RSs were assumed to be structurally identical in organisms with RS pairs and triplets. Our recent biochemical and structural studies ([@B14]; [@B2]; [@B33]), as well as a structural study from [@B48], are changing this view, painting a strikingly different picture of the RSs. The spokeless mutant *pf14* was historically used to define the RS structure and components ([@B50], [@B51]; [@B26], [@B27]). To date the *pf14* mutant has the most severe RS defects as defined by both structural and biochemical studies. However, it is important to note that our structural analyses demonstrate that parts of the RS bases and the entire RS3S still assemble into *pf14* axonemes ([Figures 3R](#F3){ref-type="fig"}, [4, I and J](#F4){ref-type="fig"}, and [5, Q and R](#F5){ref-type="fig"}), and we now know that RSP18 (CaM-IP2) and RSP19 (CaM-IP3) are also still present. The CSC components are likely MT-adaptor proteins that are crucial for docking and/or stabilizing RS2 and RS3S to the DMT. Our future studies will aim at identifying an RS1-specific adaptor protein or complex. Twenty-three RSPs have been characterized ([@B50], [@B51]; [@B26]; [@B66], [@B67]; [@B68]); it will be exciting to see whether any of these proteins is the putative RS1 adaptor or if there are additional spoke-associated proteins to be identified. The presence of a calcium-sensing complex localized to the base of only one of the two full-length RSs in *Chlamydomonas* not only introduces another example of structural heterogeneity between spokes, it also provides a first glimpse that the ability to sense calcium might be a functional difference between both spokes, suggesting different roles for the RSs in the regulation of flagellar motility.

MATERIALS AND METHODS
=====================

*C. reinhardtii* strains
------------------------

Strains used in this study are summarized in [Table 1](#T1){ref-type="table"}. The WT strain, A54-e18 (nit1-1, ac17, sr1, mt+), was obtained from P. Lefebvre (University of Minnesota, Minneapolis, MN). All amiRNA strains were made by transforming WT cells with CSC amiRNA constructs targeting CaM-IP2 (4A2 and 4D6) or CaM-IP3 (6E6) ([@B14]). The spokeless strain, *pf14*, and the outer dynein armless strain, *pf28*, were obtained from the *Chlamydomonas* Resource Center (University of Minnesota). For the 6E6*pf28* strain, 6E6 (mt+) was mated with *pf28* (mt--). Flagella were isolated from tetrads, and Western blots were performed to confirm that mutants lacked both the CSC and the OAs. Anti--CaM-IP3 antibodies were used as a CSC marker, and anti-IC69 antibodies (generously provided by G. Witman, University of Massachusetts Medical School, Worcester, MA) were used as an OA marker to confirm absence of OAs in the 6E6*pf28* strain. All cells were grown in constant light in TAP (Tris acetate posphate) media ([@B20]).

Axonemal extracts, sucrose gradients, and immunoprecipitation
-------------------------------------------------------------

The pH shock method was used to separate pWT flagella from cell bodies ([@B63]). Flagella from all other strains were severed from cell bodies using the dibucaine method ([@B62]), separated from cell bodies using differential centrifugation, and resuspended in NaLow (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid \[HEPES\], pH 7.5, 5 mM MgSO~4~, 1 mM dithiothreitol \[DTT\], 0.5 mM EDTA, 30 mM NaCl, with 1 mM phenylmethylsulfonyl fluoride) and 0.0175 trypsin inhibitor unit/ml aprotinin). NP-40 (Calbiochem, La Jolla, CA) was added to remove flagellar membranes (0.5% vol/vol final concentration). The resulting axonemes were pelleted at 12,000 × *g* for 10 min. For the preparation of cryosamples, axonemes were resuspended in 10 mM HEPES, pH 7.4, 25 mM NaCl, 4 mM MgSO~4~, 1 mM ethylene glycol tetraacetic acid, and 0.1 mM EDTA and processed within 24 h. For biochemical analyses, axonemes were resuspended at 6 mg/ml in NaHigh (NaLow with 0.6 M NaCl) and extracted on ice for 20 min. Axonemes were pelleted, resuspended again in NaHigh, and immediately pelleted. NaCl-extracted axonemes were resuspended at 12 mg/ml in KI (NaLow with 0.5 M KI) and extracted for 30 min on ice. After centrifugation, the KI extract was dialyzed into NaLow for 1 h and centrifuged at 12,000 × *g* for 5 min for clarification. For sucrose gradients, 1 mg of KI extract was loaded on a 5--20% sucrose gradient (in NaLow) and ultracentrifuged for 16 h at 35,000 rpm at 4°C (SW41Ti rotor; Beckman Coulter, Brea, CA). Twenty-four 0.5-ml fractions were collected from the bottom of the tube and prepared for SDS--PAGE.

For immunoprecipitation experiments, 200 μg of KI extract was incubated with 50 μl of protein A beads, 70 μg of affinity-purified CaM-IP2 antibody, and 300 μl of TBST~150~ (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 0.5 mM EDTA, 0.1% Tween) for 2 h at 4°C. Beads were washed 4 × 5 min with TBST~150~ and resuspended in 60 μl of TBST~150~. All samples were prepared for SDS--PAGE.

Silver stain analysis and Western blotting
------------------------------------------

Silver-stained gels were performed according to [@B14]. For Western blot analysis, 30 μl of sample was resolved using 7% polyacrylamide gels and transferred to polyvinylidene difluoride membranes. Membranes were blocked for 1 h in 5% milk/TBST (0.1% Tween) and then incubated with primary antibodies diluted in TBST for 2 h at room temperature. The following dilutions were used: anti--CaM-IP2 affinity-purified antibody, 1:500; anti--CaM-IP3 affinity-purified antibody, 1:1000; anti-RSP1 (generous gift from R. Kamiya, University of Tokyo, Tokyo, Japan), 1:40,000; anti-RSP3 (generous gift from W. Sale, Emory University, Atlanta, GA), 1:3000; and anti-RSP11 (generous gift from P. Yang, Marquette University, Milwaukee, WI), 1:20,000. After washing the membrane 2 × 5 min, we incubated the membrane with secondary antibody (anti-rabbit horseradish peroxidase \[GE Healthcare, Piscataway, NJ\], 1:30,000 in TBST) for 30 min at room temperature. The ECL Plus Western Blotting Kit (GE Healthcare) was used for detection according to the manufacturer\'s protocol.

Analysis of dynein isoforms by fast-performance liquid chromatography
---------------------------------------------------------------------

To identify dynein arm isoforms, we fractionated axonemal extracts using the methods of [@B30]. Flagella from 6E6*pf28* and *pf28* were isolated, demembranated, and extracted at 6 mg/ml in 0.6 M KCl-HMDEd (10 mM HEPES pH 7.5, 5 mM MgSO~4~, 1 mM DTT, 0.5 mM EDTA) for 30 min on ice. After centrifugation, the KCl extract was diluted into 60 mM KCl-HMDEd to a 10-ml final volume. The diluted extract was filtered using a syringe and a 0.2-μm filter and loaded onto a MonoQ column (5/50 GL; GE Healthcare) attached to an AKTA fast-performance liquid chromatograph (GE Healthcare). A linear gradient of 0.2--0.5 M KCl-HMDEd was applied to the column at a flow rate of 0.5 ml/min for 100 min. We collected 0.5-ml fractions and prepared them for SDS--PAGE. Fractions were resolved on 3--5% polyacrylamide gels and silver stained. For densitometry, protein bands were analyzed using ImageJ (National Institutes of Health, Bethesda, MD). Results from three separate experiments were averaged. After analysis in ImageJ, 6E6*pf28* measurements were normalized to *pf28* measurements.

Cryosample preparation and cryo-ET
----------------------------------

Copper Quantifoil holey carbon grids with a carbon support film (200 mesh, 2-μm hole size; Quantifoil Micro Tools, Jena, Germany) were glow discharged for 30 s at −40 mA and coated with 10-nm colloidal gold particles (Sigma-Aldrich, St. Louis, MO) for use as fiducial markers in the subsequent tomogram reconstruction. Grids were mounted in tweezers and inserted in a self-made plunge freezer. A 3-μl axoneme sample was added to the grid and mixed with 1 μl of 10-fold-concentrated 10-nm colloidal gold. After blotting of the grid front side with a filter paper for 2 s, grids were immediately plunge frozen in liquid ethane at approximately −180ºC to achieve sample vitrification. Grids were kept below the devitrification temperature at approximately −160ºC at all times and were stored in liquid nitrogen until examined by EM.

Cryosamples were analyzed in a transmission electron microscope (Tecnai F30; FEI, Hillsboro, OR) after being transferred in a cryoholder (Gatan, Pleasanton, CA). The microscope was operated at 300 keV under low-dose conditions using SerialEM software ([@B36]). Tilt series were acquired by stepwise rotating the cryosamples from −65 to +65° in 1.5-- 2.5° angular increments. The accumulative electron dose was restricted to ∼100 e/Å^2^ to avoid radiation damage. Specimens were imaged with −6- or −8-μm defocus using an energy filter (Gatan) operated in zero-loss mode with a slit width of 20 eV. All micrographs were digitally recorded at a magnification of 13,500 with a 2k × 2k charge-coupled device camera (Gatan), resulting in a pixel size of approximately 1 nm.

The IMOD software package ([@B32]) was used to reconstruct the recorded tilt series into cryo--electron tomograms using the fiducial marker alignment and weighted backprojection options. Data analysis was restricted to undistorted tomograms, and three to five tomograms of each strain were analyzed. More details about the preparation of cryosamples and cryo-ET were published earlier ([@B40]).

Subtomogram averaging and classification
----------------------------------------

The software program PEET ([@B43]) was used for subtomogram averaging of the highly repetitive axonemal repeats to overcome the inherent low signal-to-noise ratio of cryotomograms. Extracted axonemal repeats were aligned to each other and averaged with missing-wedge compensation, resulting in an increased signal-to-noise ratio and thus improved resolution ([@B43]). A total of 500--800 axonemal repeats from three to five tomograms were averaged for each analyzed strains. Axonemal repeats from all three CSC amiRNA mutant strains showed strong heterogeneity in the occurrence of RS2, and a newly implemented clustering approach incorporated into the software program PEET ([@B21]) was used for unsupervised classification, resulting in two classes: in axonemal repeats of class 1 RS2 was present, and repeats in class 2 were missing RS2. Clustering was performed using the principal component analysis option within PEET, and the examined 3D volume was limited to the RS2 region with a mask. Several different settings were tested regarding the number of analyzed features and number of desired classes. The final class averages in this work were obtained by choosing clustering with principal component analysis and 10 features and four desired classes, followed by combining similar classes to a final of two class averages, as shown in [Figures 3--5](#F3 F4 F5){ref-type="fig"}. All class averages were inspected manually for accuracy and showed satisfying results. Some axonemal repeats were excluded only from the average of class 2 (without RS2) in 4D6 because the presence or absence of RS2 remained unclear or the occurrence of an additional spoke complicated the analysis. An in-depth comparison between class averages from the automated classification presented here and an earlier manual classification ([@B14]) showed that both approaches gave comparable results of equal quality. Classification details---for example, how many axonemal repeats are present in each class---are summarized in Supplemental Table S1.

The UCSF Chimera software package was used for 3D visualization of axonemal averages by isosurface rendering ([@B47]). Small, unconnected, and randomly positioned densities assumed to be noise were removed with Chimera\'s "hide dust" feature. Chimera was further used for structural analysis and volume measurements. Mass estimations assumed an average protein density of 1.43 g/cm^3^ as proposed by [@B53].
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CA

:   central apparatus

CSC

:   calmodulin- and spoke-associated complex

DMT

:   doublet microtubule

ET

:   electron tomography

IA

:   inner dynein arm

MT

:   microtubule

N-DRC

:   nexin--dynein regulatory complex

OA

:   outer dynein arm

pWT

:   pseudo wild type

RS

:   radial spoke

RS3S

:   radial spoke 3 stand-in

WT

:   wild type
